Indicator dilution outflow patterns in renal venous blood from anesthetized dog kidney were measured for the monohydric alcohols from methanol to hexanol with tritiated water (THO) and T-1824 dye as reference indicators. Also measured were olive-oil-to-water and red-cell-to-plasma partition coefficients. The indicator dilution results were: (1) at normal hematocrit, the mean transit times of all the alcohols were approximately the same as for THO; (2) at low hematocrit, the mean transit time of hexanol was approximately 1.6 times that of THO; (3) at both normal and low hematocrits, the upslope portion of the alcohol curves was earlier and steeper than that of the THO curve, the more so with increasing alcohol carbon number. Results 1 and 2 and the partition coefficients were consistent with an increased volume of distribution of hexanol relative to THO, due to the lipid content of kidney cortical tissue. The previously reported convection-diffusion model applied to result 3 provided diffusion coefficients of the alcohols relative to THO in kidney cortical tissue in vivo. indicator curves. Finer details of indicator curve shape have been interpreted by various models (6) (7) (8) (9) (10) (11) (12) .
• The extension of the Stewart-Hamilton indicator dilution method by the simultaneous use of several indicators, both vascular and extravascular, has permitted deductions as to steady-state volumes of distribution, extravascular pH and metabolism of these indicators in various body organs and tissues (1) (2) (3) (4) (5) . This information requires knowledge only of the areas and the mean transit times of the various indicator curves. Finer details of indicator curve shape have been interpreted by various models (6) (7) (8) (9) (10) (11) (12) .
In a recent model of indicator transport through dog kidney cortex (13) , the movement of extravascular, nonmetabolized indicator from the arteriolar "sources" to the venular "sinks" in the tissue was postulated to occur by two mechanisms: source-to-sink diffusion, called diffusion bypass (4, (14) (15) (16) , and convective washout of the volume of distribution by capillary blood flow. The earlier appearance and faster initial rise (precession) of tracer water (DHO and THO) relative to the extracellular indicator creatinine, experimentally observed in the renal venous outflow, was interpreted as showing the relatively greater influence of diffusion bypass than of convective washout on the transport of tracer water through kidney cortex. Furthermore, the observed precession of the chemically nonreacting gases krypton ( 85 Kr) and tritium
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(T 2 ) relative to tracer water was interpreted as a greater diffusion bypass effect for the inert gases than for tracer water. Since the gases are lipid soluble, their exhibition of a greater diffusion bypass effect was thought to be made possible by the lipid in cell membranes, which acts as a diffusion barrier for tracer water but not for the inert gases. This "lipophilic diffusion bypass" effect was studied by determining the renal venous outflow patterns of the monohydric alcohols, methanol (CH 3 -OH) tohexanol (CH 3 -(CH) 5 -OH). The lipid-to-water solubility of these indicators increases with increase in carbon number. In addition to providing information on lipophilic diffusion pathways in kidney cortex, it was expected that the outflow patterns of these indicators would also disclose any significant amount of lipid-like substance present in kidney cortex, as they already had in lung (4) .
Methods
Experimental-The detailed experimental procedure has been given elsewhere (17) . In brief, mongrel dogs were anesthetized with pentobarbital (25 to 30 mg/kg, with subsequent doses as required), paralyzed with succinylcholine, and ventilated mechanically by a Harvard pump. The left kidney was exposed by flank incision. A polyethylene catheter was inserted into the left renal vein and connected to a sampling pump that delivered blood at a constant average but pulsatile rate. Approximately 0.5 ml of injectate solution (0.04 ml/kg body weight) was injected rapidly (0.3 seconds) into the left renal artery from a 2-ml syringe through a 26-gauge, 2»-inch bent needle. Blood samples were collected sequentially in plastic vials containing 0.02 ml of heparin solution and mounted in a rack moving at constant linear velocity past the pump delivery tube. Three series of experiments were performed. In the 1967 series, approximately 30 blood samples of 1 ml each were collected at the rate of about 1 sec/sample. In the 1968 series, we arranged to change the rack speed suddenly in midcourse so that 24 blood samples of 0.5 ml each were collected at the rate of about 0.5 sec/sample, followed by 18 blood samples of 1 ml each collected at the rate of about 1 sec/sample. In the 1969 series, 60 blood samples of 0.5 ml each were collected at the rate of about 0.3 sec/sample.
The typical injectate was a 0.9% NaCl aqueous solution, each milliliter of which contained: 2.25 mg T-1824 (Evans blue, Eastman Organic Chemicals); 25 fie tritiated water (THO, 2 mc/mmole, New England Nuclear Corp.); 25 fie tracer alcohol H( CH 2 ) n _ 1 14 COH ( n = l , methanol, 1.3 to 10 mc/mmole; n = 2, ethanol, 1.6 to 7 mc/mmole; n = 3, n-propanol, 2.5 to 5 mc/mmole; n = 4, n-butanol, 1.1 to 3.7 mc/mmole; n = 5; n-pentanol, 1.76 me/ mmole; n = 6, n-hexanol, 1.4 to 3.9 me/ mmole; commercial sources). In some experiments creatinine, 20 mg/ml, was included.
The amount of each indicator in each collected sample of blood was determined by standard analytical methods (17) . This amount was divided by the amount of that indicator in the injection mixture and further divided by the volume of whole blood in the sample. The resulting quantity is fraction per volume, w(t) (ml 4 ) where * is time after injection. No correction for injection duration was made.
At the conclusion of each experiment, the weight of the left kidney was determined by clamping the renal artery and vein at the hilum and excising and weighing the kidney with its contained blood. The dog was subsequently killed by an overdose of pentobarbital. The hematocrit was determined on a sample of left renal venous blood drawn just before each sample run. All kidneys for which results are presented were determined to be grossly normal by inspection of the sliced kidney.
The 1969 series of experiments was performed to determine the effect of low hematocrit values. The hematocrit was lowered by bleeding the dog and infusing an equal volume of isotonic 5% dextran solution. The volume exchanged was approximately 500 ml in 1 hour.
Olive oil-water partition coefficients of
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tritiated water and of the 14 C-alcohols were determined as follows: to 5 ml of S0rensen's phosphate buffer, adjusted to pH 7.4, in a 25-ml flask was added approximately 3.4 /JLC of »C-alcohol or 25 /ic of THO. To this was added 5 ml of olive oil (Italian commercial grade). Duplicate flasks of the preceding mixture were prepared, tightly stoppered, and shaken gently in a water bath at 37°C for 3 and 5 hours, respectively. The contents were then centrifuged at 2,000 rpm for 4 minutes. The oil phase supernatant fluid was carefully removed by oipetting. Aliquots (0.2 ml) of the oil and the water phases were prepared for counting by mixing with 2 ml of absolute ethanol and 8 ml of scintillation fluid (125 mg POPOP, 385 ml dioxan, 5 g PPO, 66.7 g naphthalene: total 400 ml). Tritiated water and 14 C-alcohol were added to oil and to buffer separately and treated similarly for control recovery purposes. Nonradioactive blanks of oil and of buffer were prepared similarly. All samples were counted in a liquid scintillation counter. The ratio of the counts per minute in the oil phase to the counts per minute in the buffer phase, corrected for the respective recoveries, yielded the oil-water partition coefficient.
Red cell-plasma partition coefficients of hexanol and butanol were determined as follows: into each of two 1-ml samples of heparinized venous dog blood was pipetted 0.1 ml of an ethanol-saline solution containing 2.5 fie of hexanol-14 C and 25 pc of THO. The samples, as well as 1 ml of blank blood, were shaken gently for 1 hour in a water bath at 37°C. One sample and the blank blood were placed in Wintrobe tubes and spun at 25,000 rpm for 30 minutes. The Wintrobe tube temperature after this operation was 35°C. The Wintrobe rubes were broken at appropriate places and the plasma was separated from the red cells. Then 0.1 ml each of radioactive plasma, radioactive red cells, radioactive whole blood, blank plasma, blank red cells and blank whole blood were put into 1.5 ml of distilled water and processed for counting as previously described, except that 10% trichloroacetic acid solution was used for precipitation ) (counts/min in plasma) = counts/min in whole blood sample, which was compared with the independently and similarly measured radioactivity in the whole blood sample.
Theoretical.-The experimental outflow pattern tv(t) was corrected for recirculation by extrapolating the initial linear downslope portion of the semilogarithmic plot of log w against time, t. The resulting corrected curve is the indicator curve, w c (t). The classical, or "Stewart-Hamilton," information contained in the indicator curve is derived from a flow theorem and a mass theorem. The flow theorem is obtained from mass balance of indicator between the inlet and the outlet at which measurements are made. Thus, (1) where R is the recovery, or fraction of the injected indicator which emerges in the renal venous outflow, and F(t) (ml/sec) is the (in general time-dependent) renal venous blood flow. A weighted average blood flow, F (cm 3 /sec), is defined as
This weighted average flow is to be distinguished from the simple time average flow / Fdt/T considered by Cropp and Burton o (18) . The present analysis is similar to that of Effros et al. (19) . The area, A ( m F sec), 
The experiment determines only A for each indicator used. Hence F and R are not determined uniquely, but only their ratio. 
Here tx P , txr, ixu (sec) are the mean transit times of an indicator (subscript X) as measured in the actual finite injection experiment, respectively in the renal venous plasma, in the renal venous red cells, and in the urine. The mass m^x (g or dpm) of indicator X is that which would exist in the system at infinite time in a constant infusion experiment, that is, in the indicator steady state. In the indicator steady state, the output rates of indicator X are: e xXp (g/sec or dpm/sec) in the renal venous plasma, e^X r in the renal venous red cells, and e mXu in the urine. Thus, equation 6 contains two types of terms: (1) mean transit times of indicator as measured in the actual finite (sudden) injection experiments reported in this paper and (2) masses and outflow rates of indicator that would exist after a long time in constant infusion experiments (indicator steady state) that could in principle be performed but actually were not in the present investigation. The mass theorem, equation 6, requires (1) that the system be in a steady state (stationary) with respect to all relevant "substrate" (traced, indicated) substances and (2) that the system be linear with respect to the indicator substance. It is important to emphasize that the system need not be, and in general is not, linear with respect to its normal "substrate" substances.
The urinary term in equation 6 was estimated to be about 10% of the renal venous term (for X = THO or "C-alcohol, e aaZ J(e a>Zp + e<nxr) is approximately 0.01 and i Xu /i Xp is approximately 10). Moreover, this term would represent contributions to m r f mainly from the collecting ducts in the medulla. Contributions from the medulla to the plasma and to the red cell terms in equation 6 are in any event largely removed by the recirculation correction procedure, which removes low blood flow contributions to i Xv and t Xr . Thus for consistency, the urinary term in equation 6 must be neglected.
It is assumed also that the vascular concentrations of the indicators THO and 14 C-alcohol, at all times between entrance and exit, are partitioned between red cells and plasma with constant partition coefficients. The mean transit time i x , determined from the corrected fraction per volume w cX for indicator x by The tissue, including its contained blood, is regarded as composed additively of a lean (nonlipid) volume V, (ml) and a fat (Hpid) volume V, (ml), in which the concentrations of indicator A in the indicator steady state are, respectively, C xA i and C xA f (dpm/ml). The renal venous blood flow F (ml/sec) is regarded as composed additively of the renal venous plasma flow F p (ml/sec) and the renal venous red cell flow F r (ml/sec), in which the concentrations of alcohol are, respectively, C wAp and C rAr (dpm/ml). For the ratio of mean transit time of the plasma indicator T1824 (subscript P) to that of tritiated water, a similar derivation by equation 8 gives where V p ,,/V, r is the fraction of tissue water volume that is in the blood plasma and fp,o = F ptc /F, r is the fraction of renal venous blood water that is in the renal venous plasma.
Because the mass theorem, equations 6 or 8, requires the system to be in a steady state, all volumes, flow rates, partition coefficients, and hematocrit in equations 9 through 16 are assumed to be constant. In addition, the partition coefficients, equations 11 through 13, defined for indicator in the indicator steady state, are assumed to differ negligibly from corresponding partition coefficients measured at thermodynamic equilibrium.
The simultaneously measured alcohol and tracer water indicator curves were analyzed for relative diffusion coefficients in kidney cortical tissue by the convection-diffusion model (13) . The recirculation corrected indicator curves were corrected for shape distortion due to catheter effect by (23) 
to'(t') = w,.(t) + h(dwj dt),
where w' is the corrected ordinate at time f = t -t n and to, t\ are the sampling catheter dead time and lag time, respectively. The corrected ordinate was nondimensionalized to 100 FR-Hw'= lOOA-Hw' and plotted on a linear scale against nondimensionalized time t/t. These curves, which have an area of 100 and a mean transit time of unity, were compared with the theoretical model curves as described under Results, to yield the nondimensional Peclet parameter
where L (cm) is the source-to-sink diffusion 
Further calculations are described under Results.
Results
The data from one experiment are given numerically in Table 1 . Typical upslope portions of the renal venous outflow patterns are shown in Figures 1 and 2 . The patterns were actually measured to 30 seconds (17 to 20 seconds in the 1969 experiments; see Methods). For clarity and space reasons, only the data points for the first 8 to 9 seconds are shown, plotted linearly in Figure 1 and in Figure 2A -C. In Figure 2D is shown a complete measured outflow pattern, plotted semilogarithmically, from which the upslope portion in Figure 2B was plotted. The semilog downslope line used for extrapolation to t = oo could in all cases be drawn unambiguously from a data point (w d , t d ) to the last measured data point (Fig. 2D) . The data point (w t , t d ) is the last point plotted in Figures 1 and 2A-C . The values of io d and t d are given in Table 2 , together with t h e V life"r <; = £..4/0.693, where Uh was the half-life of the semilog downslope line drawn from the data point (w d , t d ) through the last measured data point (at 17 to 30 seconds) and thence considered extrapolated to infinite time. Thus Figures 1 and 2 and Table 2 contain in effect the complete measured data for the experiments illustrated.
The area and mean transit time information derived from the experimental data is given in Table 3 Table 2 . A, n-methanol-1'iC; B, n-ethanol-V'iC; C, n-pwpanol-l"'C; D, n-butanol-1'lC. the subscript to A is the alcohol carbon number and w the tracer water THO.
Column 3: The reciprocal of the area under the recirculation corrected indicator curve is A" 1 which equals F/R by equation 5. The area was determined in accordance with equation 3 as
A = (id + to-, + . . . + w d )M + w d (T,, -%At)l 20)
where At was the time increment between samples.
Column 4: The ratio of the area A under the indicator curve to the area A w under the THO indicator curve is obtained from column 3. This ratio equals, by equation 4,
The ratio A/A w is an index of the "quality" of the experiment. For example, in experiment no. 2 the ratio A,/A w = 1.17 indicates that the relative recovery of methyl alcohol to water was 1.17, since the weighted average blood flow during the almost equal times of emergence of these indicators should be the same (Fig. 1A) . The ratio A P /A W = 1.09 for T-1824 in the same experiment, on the asumption of good absolute recovery for T-1824, suggests (1) that the absolute recovery' of tracer water was somewhat low (hence that of methyl alcohol was good) and (2) that the blood flow decreased during sampling, so that F H -was less than F,> (19) . 
where t, :e -t^+ t x is the mean transit time. To interpret equation 15, the partition coefficient of alcohol between red cells and plasma is required. These values, determined as previously described, were: for hexanol, dpm/g red cell water dpm/g plasma water and for butanol, --{J--L dpm/ml red cells _ dpm/ml plasma -\J.X dpm/g red cell water dpm/g plasma water in which 0.2 represents 2 standard deviations of the five hexanol measurements and 0.1 represents 2 standard deviations of the four butanol measurements.
The ratios of mean transit times of alcohol to tracer water obtained from Table 3 , column 6, are plotted against alcohol number (Fig. 3) . These values should be largely independent of variation in recovery (which has little effect on mean transit time) or of variation in blood flow (which should affect the mean transit times of alcohol and water similarly). Moderate variations in recovery or blood flow should have only a minor influence on the nondimensionalized shape of the indicator curves (see below), which were the data of primary interest in the present study.
The basic result of the present experiments was that at normal hematocrits the alcohol indicator curves differed significantly from the water indicator curves mainly in the upslope Circulation Research. Vol. XXV, September 1969 region ( Figs. 1 and 2) . This difference was ascribed to the "diffusion bypass" effect (14) (15) (16) and was analyzed by the convection-diffusion model (13) . The indicator curves were first corrected for shape distortion due to catheter effect by equation 17 and then nondimensionalized as previously described. A typical pair (methanol and water) of corrected and nondimensionalized indicator curves is compared with the corresponding pair of uncorrected curves (Fig. 4) . The shape-corrected curves were then compared with the theoretical model curves (Fig. 5) the ordinate equal to constant fractions of their maximum values (Fig. 6 , Table 4 ). For example, column 4 in Table 4 contains the values of the nondimensional time at which t/tj/t the ordinate on the theoretical curve, for the /3 value in column 1, is at 90% of its maximum value. Column 2 of Table 4 contains, for reference, the maximum values of the theoretical ordinates. The cross plot (Fig. 6 ) was used to estimate /3 for the corrected experimental curves at nondimensional times corresponding Cross-plots of theoretical model curves. Ordinate equals abscissa of theoretical curves (Fig. 5) at which ordinate of theoretical curve (Fig. 5) is at percentage m of maximum ordinate. Abscissa is Peclet parameter p, which labels each theoretical curve (Fig. 5) .
Normalized indicator curves before (solid line) and after (dashed line) catheter shape correction. The uncorrected curves have area = 100 and the mean transit time is at 1 -\-(t o /t). The shape-corrected curves
to ordinates at various percentage fractions of their maximum value. For example, for the methanol curve (Fig. 5 ) the ordinate that is half the maximum ordinate has the abscissa t'/t = 0.088. At the ordinate value 0.088 in Figure 6 , the abscissa corresponding to the 50% curve is /3-0.78. Similarly, the 60, 70, 80 and 90% ordinates of the methanol curve (Fig. 5 ) had abscissas which, on the corresponding curves in Figure 6 , yielded j3 values of 0.84, 0.86, 0.88, 0.86, respectively (abscissas outside the range of 50 to 90% were too imprecise to be of use). Similarly, the water curve (Fig. 5) yielded 50, 60, 70, 80, and 90% f3 values of 1.10, 1.18, 1.22, 1.26, and 1.24. For a perfect fit of the model to the experimental data, the preceding values of /3 for a given indicator should all be the same. It was found that the 60, 70, and 80% {S values were not very different. Accordingly, these values for the water indicator were averaged to give /3,,- (Table 3 , column 7). The product of /3 W and the averaged (over 60, 70, 80 percent) ratio /3 A /f3 w gave /3 A for the alcohol (Table 3, column 7) . The values of p A tdPwhv obtained from Table  3 , columns 6 and 7 are plotted against alcohol carbon number n in Figure 7 (the value 1 at n = 0 corresponds to tracer water which is regarded as an alcohol of carbon number zero). The data for krypton ( 8r 'Kr) and for tritium gas (To) from reference 13 are included in Figure 7 . For this inclusion, "equivalent alcohol carbon numbers" n(T 2 ) = 5.1 and n(Kr) = 5.9 were assigned to these gases by interpolating their oil-water coefficients (24), A. ft (H 2 ) = 3.1, Xo(Kr) =9.6 on a plot of log \ 0 (alcohol) against n, where X o (alcohol) was determined as previously described ( Table 5 ). The oilwater partition coefficients for methanol to (25) . For theoretical interpretation, the data ordinates in Figure 7 were multiplied by the ration D A ,JD Ww of the diffusion coefficient of alcohol in water to the diffusion coefficient of tracer water in water (Table 5) and the results are plotted in Figure 8 . These diffusion coefficients for alcohols 1 to 4 were obtained in similar experiments at 15°C (26) . A log-log plot of these diffusion coefficients against molecular weight was almost linear and was extrapolated to yield the diffusion coefficients for pentanol and hexanol in water.
Discussion
The main results of the present experiments are:
1. At normal hematocrit the mean transit times of the monohydric alcohols from methanol to hexanol are about the same as for tritiated water (Fig. 2) .
2. At low hematocrit induced by bleeding and dextran loading, the mean transit time of hexanol was significantly increased relative to that for tritiated water (Table 3 , experiments 28 and 30 at low hematocrit. Experiment 30 at low hematocrit 0.12 was performed after experiment 29 at normal hematocrit 0.46 on the same dog).
3. The upslope of the alcohol indicator curve occurs sooner than that of tritiated water, the more so with increasing alcohol carbon number (Figs. 1 and 2 ). This effect persists at low hematocrit (Fig. 2C) .
Result 1 alone would normally be inter- Figure 7 . Data point legend same as in Figure 3 . (Table 5) A (i/ = 11, yields V f /Vt = 0M, which does not differ significantly from the normal lipid content of non-adipose tissue. Thus the increased hexanol volume of distribution over that of water may reasonably be ascribed to the normal lipid content of kidney cortical tissue, although a greater than normal lipid content (ascribable to lipid-preferring pathways of tracer hexanol) is not ruled out.
Result 3 of the present experiments, that the upslope portion of the alcohol indicator curve occurs sooner than that of the water indicator curve, is interpreted on the convection-diffusion model (13) as a greater diffusibility of the alcohol relative to the tritiated water, in kidney cortical tisue. That this effect was not due to a red cell effect was verified by the low hematocrit experiments which yielded approximately the same upslope position (Fig.  2C) and therefore diffusibility deductions similar to those from the normal hematocrit experiments (Figs. 7 and 8) .
The ratio D W ID A of diffusion coefficient of tritiated water to diffusion coefficient of alcohol shows considerable scatter when plotted against alcohol carbon number (Fig. 7) . A downward trend is evident, however, which becomes much clearer (Fig. 8) when the ordinates are divided by the ratio D Wm /D Aw of the respective diffusion coefficients in water ( Table 5 ). The ordinate in Figure 8 represents the effect of the tissue in decreasing the diffusion coefficient in water of tritiated water, relative to the same effect for alcohol. This effect is presumably due to the barrier effect of the various lipid membranes of the tissue. Thus the lipid insoluble tritiated water traverses a path from arteriolar source to venular sink which is more tortuous than that of the lipid soluble indicator hexanol. On the present macroscopic distance level, hexanol would therefore have a higher diffusion coefficient than tracer water. The ratio D tt ID 6u , of the tissue diffusion coefficient of hexanol to its water diffusion coefficient may be estimated as unity, since little lipid barrier effect would be expected to exist for hexanol (the oil-water partition coefficient for hexanol is 10.9 [ Table  5 ]). The results in Figure 8 show that the corresponding ratio D w /D Wt0 for tritiated water is approximately 0.18. This value may be compared with Kety's estimate (27) that diffusion coefficients of gases in tissues are from one-third to one-half their values in water.
If the interpretation by the convection-diffusion model is basically correct, then to our knowledge the present work represents the first attempt to deduce diffusion coefficients in perfused tissue. Although absolute diffusion coefficients cannot at present be derived quantitatively because of insufficient knowledge of the vascular geometry in the tissue, it appears that relative diffusion coefficients among various substances are capable of reliable derivation by the present method. Such data should be of value in elucidating transport mechanisms in living perfused tissues.
Finally, we wish to point out that multiple indicator dilution studies have been carried out in patients with essential hypertension (19) . Studies in which one or more of the aliphatic alcohols (or similar substances) is used could be of value in assessing the functional distortion of the kidneys in patients with renal disease and thus provide evaluation by nondestructive means of some of the structural changes of the kidneys. Possible conditions in which such tests could be applied are pyelonephritis, acute renal failure, and renal transplants.
